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Abstract 


Three methods, laser induced resonance fluorescence, 
excitation to a shorter lived level from a metastable level, 
and ionization spectroscopy are examined for feasibility of 
detecting and measuring calcium evaporation from a type B cath- 
ode. Laser induced fluorescence of the us?S > Up*P, (4226 A) 
transition of calcium is the most promising and the easiest to 
implement. Ionization of the calcium atoms after they have been 
excited by a laser to the metastable °P, state is feasible but 
requires redesign of extant equipment to implement. Excitation 
to a shorter lived level from the metastable mA state is fea- 
Slble for the transition from the *D, C4435 A) level and not 


feasible for the 4 (6122 A) transition. Sensitized fluores- 
cence and stimulated emission involving excited calcium atoms 

is examined and discarded. Calcium evaporation rates are semi- 
quantitatively related to barium evaporation rates to take ad- 
vantage of the more extensive literature on the latter. Limited 
experimental data is presented which indicates that an observa- 
tion reported by another researcher of the barium evaporation 
rate decreasing after the cathode exceeded 1200° K is not at- 
tributable to pulse pile up error in the photon counting system 
but 1s most likely attributable to a cathode physics phenomenon. 
An argument for switching the course of future experiments from 


evaporation rates vs lifetime studies to evaporation rate vs 


cathode temperature 1s made. All calculations are based upon 


V1 


experimental results of previous workers and are order of mag- 


nitude rather than a rigorous treatment. 


anal 


EXAMINATION OF THE FEASIBEZLITY OF DETECTION OF CALCIUM Ever 
TION PROM A TYPE B DISPENSER CATHODE BY LASER ENDUCED  PHENG IE. 


i, Simeroduceien 


The military communications satellite program projects a 
need for traveling wave tubes (TWTs) with a current generation 
and lifetime capacity exceeding present tubes (Ref 1:5). Pres- 
ent cathode technology cannot meet the projected requirements. 

J. L. Cronin of Spectra Mat (Ref 2:23) has flatly stated that the 
cathode industry probably cannot produce such a cathode within a 
few years either. His assessment is probably accurate since past 
cathode improvements have relied on empirical data and serendip- 
ity. No definitive theory of cathode physics exists which re- 
liably predicts cathode behavior as a function of construction 
and manufacturing processes. Reliance on past methods of cath- 
ode improvement will not suffice to meet the stringent perform- 
ance criteria expected of space-born TWTs. It is not even known 
if the projected requirements are physically feasible. A viable 


theory of cathode physics is sorely needed. 


Background on Cathodes and their Opocarien 

Rather than relate the entire history of cathode develop- 
ment here, the interested reader may find an excellent rendition 
by Cronin (Ref 2). Only the essentials which bear directly upon 
the problem this thesis addresses are mentioned. 

A cathode generates current by thermionic emission. The 


cathode is indirectly heated (Figure 1) and electrons are emitted 


from the cathode. The Richardson-Dushman equation in its sim- 
plest form relates the current density to the temperature as: 
te apte t/KI | (1) 
where 
J is the current density (A/om*) 
A is the thermionic Richardson constant 
is the temperature (°K) 


d is the work function (eV) 


k to helttzmanm = constant 


From Eq (1) it 1s obvious that by decreasing the work function 
or increasing the temperature, the current density can be in- 
creased. The temperature at which the cathode operates cannot 
be indefinitely increased to obtain any desired current density 
because too high a temperature has a deleterious effect on cath- 
ode life. Practical tradeoffs must be made between cathode tem- 
perature and current density. Lowering the work function is the 
most desirable way to increase the current density and cathode 
ate. 

Modern cathodes are either the dispenser type B (Figure 1) 
Sree voetertOneer lt. ~LThe B type consists of a porous tungsten 
plug mounted in a refractory sleeve, usually molybdenum, through 
which the additives in the reservoir can diffuse to the surface 
of the cathode. The additives serve to lower the work function 
at the surface. The object of the variations to the type B cath- 
ode is to lower the work function still further and/or extend the 


Mic omemameadGataves en Exetcant Variations fall into three basic 


categories: 

(1) Variation of the molar proportions of additives 

(2) Variation of porosity Gf Geungsremematrix 

(3) Coating of cathode with thim films of Gevesctor, 

metals (osmium-ruthenium or osmium-iridium) 

Additionally, experimental work is being carried out in a fourth 
Caee POm ye: 

(4) Mixing the tungsten matrix with osmium, rhenium, or 
sles wre fal Obey 

The additives used to lower the work function are the 
Group II aluminates. Some combinations in common use are (Ref 
3 dee 


Composition (Mole Ratio) 


BaO Cae Al,0, 
4 1 il 
5 3 2 
5 0 2 
2 1 i 
3 1 1 
1 1 i 


Hestiori cally the SBac, sea0, 241,02; henceforth referred to as 
either the 5:3:2 or type B cathode, is meant when the type B cath- 
ode is referred to. It is the 5:3:2 cathode which is treated in 
this thesis. Subsequent mention of "the cathode" refers to this 


type unless stated otherwise. 


It is the barium, calcium, and oxygen which appear to be 


the active elements in lowering the cathode work function and 


prolonging its life. The additives are introduced into the 


rocoto memos ebar@uin and calerium aluminates because BaO and Ca0 


alone are hygroscopic. The chemical reaction which produces 


free calcium and barium is presented later. 


Although there is some disagreement (Ref 4,5,6), the pre- 


ponderance of research tends to support the following statements 


about dispenser cathode characteristics: 


Gi) 


(2) 


(3) 


(4) 


(5) 


(6) 


A barium monolayer completely covers the cathode ex- 
Cope omernempeonccuimetne EuUngsten (Ref 7,8,9,10:383, 
ome SS" 

There is a monolayer of oxygen between the barium 
monolayer and the tungsten surface (Ref ibid). 

There is a partial understanding of how the monolayer 
decreases the work function in terms of chemisorption 
of an electropositive species and a resultant dipole 
layer (Ref 1:67-75). 

Barium evaporates from the surface or pores of the 
cathode and is replaced by barium from within the 
reservoir (Ref 12:398). 

The barium monolayer coverage of the cathode is main- 
Grmedmene@ewehour Cathode life (Ref 9:4346, 132173). 
The initial evaporation rate of additives from a new 
cathode is large and falls off steeply in the first 
hundred or so hours of operation. Then barium and 


calcium depletion rates relax as eo and ls 


respectively (Ref 14, 15:2898). 


(7) Calcium serves to slow the barium evaporation rate 
(Re fie221 9, 15. 26 ceur 
(8) Surface studies show that after the initial burst 
of evaporants (probably a result of the detritus 
left on the surface by manufacturing process), the 
surface contains only barium, oxygen, and tungsten 
(Ref 16:287). Calcium is conspicuously absent from 
the surface above 1500° K. Jones reported that cal- 
clum was absent in evaporants of the type B and M 
cathodes (Ref 11:255) while Sickafus failed to find 
calcium in pore deposits (Ref 17:218-219). 

(9) The cathode fails when the additive reservoir is 
depleted (Ref 9:4345). 

(10) There is no agreement of the transport mechanism by 
which barium arrives at the surface. Rittner sug- 
gests Knudsen flow (Ref 8:1471) while Brodie sug- 
gests migration (Ref 14:161). 

There are three probable reasons why there is disagreement 
among the different researchers. The first is the difficulty of 
replicating a working vacuum tube environment. Depending upon 
the characteristics each researcher is exploring, the tube envi- 
ronment may be more or less faithfully reproduced. For instance, 
surface studies preclude placing the anode at the normal distance 
from the cathode whereas current versus time studies can be con- 
ducted without disturbing the tube environment. Partial pres- 
Sures of residual gases are known to have a significant effect 


on tube lifetime; experimental conditions do not replicate the 


environment of manufactured tubes. The second reason for disa- 
greement is that different researchers have used different tech- 
niques to study cathodes. Different experimental approaches have 
led to conflicting results probably as a result of the environ- 
ment replication problems just LS ae Third 1s the tacit 
assumption that characteristics such as barium/calcium evaporation 
rates, replenishment rates, current density, and cathode life 
differ only by degree and not mechanism between oxide coated 
cathodes; B,L,M dispenser cathodes; and impregnated cathodes. 
Perhaps the falsity of this assumption explains why calcium has 
been consistently observed in the evaporants from all calcium 
aluminate impregnated cathodes but not in the evaporants from all 
the modern B dispenser cathodes. Furthermore, there is some am- 
biguity about the difference between dispenser and impregnated 
cathodes. Earlier "the reservoir" was mentioned. The reservoir 
can mean either a void beneath the tungsten plug or it may mean 
the interstices of the tungsten plug. When the interstices con- 
stitute the reservoir, cathodes are referred to as impregnated 
dispenser types (See Figure 1). Pressed cathodes, where the 
tungsten and additives were mixed together and pressed to form a 
plug, look like but do not function like impregnated cathodes. 
The haziness of cathode nomenclature should make a researcher 
wary of correlating results. For example, Sickafus (Ref 17:213) 
refers to "dispenser cathodes" which presumablyare impregnated 
and exhibit a barium evaporation rate which is proportional to 


ae Rutledge calls a cathode, which is not impregnated, a 


"dispenser cathode" and concludes that barium evaporation is 


proportional to 1/t (Ref 18:836). 
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Figure 1. Types of Cathedec 


It is believed that the barium-oxygen monolayers on the 
surface are the primary agents in reducing the work function. 
Calcium is thought to play a role in retarding the barium evapo- 
ration rate but not in directly altering the work function (Ref 
11:255). A model which explains the oxygen-barium monolayers bond- 
ing on the tungsten surface was presented by Green (Ref 20:42-68). 
Briefly, his model classifies metals into three categories based 
upon the geometric disposition of bonding orbitals at the metal 
surface. Category I metals (Mo, W) have vacant d-orbitals per- 
pendicular to the surface. The bond which oxygen forms with the 
substrate metal distorts the oxygen valence electron configuration. 
As a result of the distortion, the barium-oxygen bond at the sur- 
face is covalent rather than the typical lonic bonding observed 
in bulk BaO crystals. A dipole moment is induced in the BaO lay- 
er with the positive side toward the external surface. Category 
II metals (Re, Os, Ir) enhance emission but do not form a dipole 
layer. Category III (Pt) degrades emission. 

The model accounts for several experimental observations. 
Auger and x-ray photoelectron spectroscopy (XPS) data have shown 
that the chemical bond between Ba and O on the surface is not the 
Same as that in bulk BaO and is in fact more covalent than ionic. 
The work function on different crystal planes on the surface are 
known to vary in what 1S commonly called patch effects. Patch 
effects could be construed to occur because of the extreme di- 
rectionality of the covalent bonds and the resultant dipole mo- 


ment. The model also successfully predicts which metals will 


have good emissive characteristics and which will have poison- 

ing effects. Combining Green's model with Jenkins' (Ref 21:354) 
discussion of activation by an electropositive contaminant pro- 
duces insight into why the oxygen-barium monolayers are so suc- 


cessful in lowering the work function (Figures 2@ande 3) -esimee 


contaminant COntamanann 
monolayer monolayers 





Figure 2. Dipole Monolayers (Ref 21: 354) 
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Figure 3. Potential Energy Diagrams for 
Metal Surfaces (Ref 21:354) 


the reduction in work function is proportional to the dipole 
separation, d, (Ref 21:354) then the oxygen-barium monolayers 
are particularly effective, because d is larger for the oxygen- 
barium layer than for a single species monolayer. While Green's 
model provides a partial understanding of how barium reduces the 
work function, there is no analogous understanding of the barium 
and calcium replenishment/depletion mechanism. Barium evapora- 
tion has been more extensively studied than calcium. Evaporation 
studies to date have largely relied upon the Becker method. In 
the Becker approach, a clean tungsten wire is exposed to an evap- 
orant stream which coats the wire. The wire is resistively heated 
to a low enough temperature to preclude evaporation of the coat- 
ing. The thermionic emission from the wire 1s measured as a 
function of time. The maximum emission rate of the wire is pro- 
portional to the reciprocal of the barium evaporation rate from 
the cathode. The Becker method is combrned with chemical analy- 
Sis to produce absolute evaporation rates. There is some content- 
ion over the evaporation of calcium. Certain researchers have 
noted calcium depletion within the cathode, yet others have failed 
to find calcium on the cathode surface or in the evaporant stream 
f type B and M cathodes. Since it is the calcium and barium de- 
pletion which ultimately causes cathode failure, an understanding 


of the depletion mechanism could lead to improved cathodes. 


Problem Statement and Scope 


This thesis addresses the design of an experimental method 


to detect and quantitatively measure the instantaneous evaporation 
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rate of calcium from a dispenser cathode over the lifetime of 
the cathode. Three methods and their advantages and disadvan- 
tages are discussed. The methods were chosen on the basis of 
employing an extant experimental apparatus with a minimum of 
modifications. There is no attempt to treat the evaporant gas 
by quantum mechanical methods. Rather, order of magnitude cal- 
culations based on available data in the literature are made to 


illustrate the feasibility of each approach. 


Assumptions 


Since the body of experimental evidence for cathode be- 
havior is in conflict, the assumptions employed throughout this 
paper are consolidated and presented here for convenience to the 


reader: 


(1) Calcium evaporates from the calcium impregnated dis- 
penser cathodes. 

(2) The calcium evaporation rate is proportional to the 
depletion rate which follows a tls decay. 

(3) Calcium is not present on the cathode surface after 
the first few hours of life. It is present deep 
within the surface pores. Consequently, most of 
the escaping calcium gas leaves the cathode nearly 
perpendicularly. 

(4) The calcium evaporation rate can be related to the 
barium evaporation rate. 


C 


cn 
4 


Quenching of laser excited atoms is minimal because 


eal 


of the low pressure. 
(6) The calcium evaporation rate that is calculated is 
taken to be smaller by 0.001 as a conservative es- 


timate. 


Seder Of Presentation 

A discussion of the problem of detecting calcium is pre- 
sented first. Direct laser induced fluorescence to measure the 
evaporation rate is examined (Ref 22, 23). Then a method of 
pumping the atoms in the metastable state to a shorter lived 
state is considered. Henceforth, this method is referred to as 
"double pumping". Next, the application of lonization spectro- 
scopy methods are proposed. Other methods which were considered 
but discarded are briefly discussed. Methods to calibrate the 
laser wavelength, other than the optogalvanie effect, are brief- 
ly discussed. Recommendations for the direction of future ex- 
periments are given. Finally, conclusions and recommendations 


are stated. 


di 


II. Problem Analysis 


Discussion of the Problem 

Laser induced resonance fluorescence provides a method 
of obtaining absolute measurements of evaporant concentrations 
as low as fig = 1.6 atoms/cm* (Ref 24;204, 2592/)2. Iwe previcus 
workers (Ref 22, 23) successfully employed laser induced fluo- 


rescence to measure absolute barium evaporation rates from dis- 


penser cathodes operating at various temperatures; both recom- 
mended application of the same techniques to measure calcium 
evaporation. Examination of Figure 4 reveals some constraints 


to the application of laser induced fluorescence to calcium 


which do not occur for barium. Of the two resonance tranciu ren. 


0 
nor Ca lean, the usts <> upp (4226 A) 1s difficult to work 


O iL 
With because of dye laser instability and low output power in 


9 il 3 9 eae 
the 4200 ecurec ven lhe ve Sof? 4p P, (6573 A) transition is 


1 
easy to excite because the dye laser is stable and has suffi- 

2) 
client output power to reach near saturation in the 6500 A wave- 


length recione wou up? P state 1s most unfortunately metastable. 


a 

An initial attempt to detect calcium evaporating from a 
cathode by inducing laser fluorescence from the 2, state was 
frustrated by two factors. First, the hollow cathode tube wave- 
length tuning method could not be used because the Ca hollow 
cathode tube is not responsive to the 6573 A wavelength. Second, 
the up°P, State is metastable with a 0.39 m sec lifetime (Ref 


28:75). Assuming that the calcium atoms leave the cathode per- 


pendicularly (more will be said about this later), one degree 


ins 





Sieh! sYSriM 


uD P 


° 
4226 A 


ugts 


Figure 4. 
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Partial Grotrian Diagrams for Calcium and Barium 


(Ref 26:340-358,27:E-341) 
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of freedom can be associated with the atomic kinetic energy. 
Thus, by the equipartition theorem, the velocity is given by the 


rollowing equation: 


Vrms = {—— C23) 
where 


Vrms is the root mean square velocity (m/sec) 


k is Boltzmann's constant 
T is the temperature (°K) 
m is the mass (kg) 


If the cathode operates at 1050 °C, Vrms of Ca is about 


924 m/sec. During the lifetime of the up? Pp state, the average 


i 
Ca atom will travel about 0.2 m before fluorescing. Since the 
test cell walls and cold finger are approximately 0.07 and 0.03 
meters away from the cathode surface, the average Ca atom will 
de-excite by collision with the test cell or cold finger before 
it can fluoresce. Despite many attempts to observe fluorescence 
from the uD Py state by looking at a volume in the test cell just 
below the cold finger and using photomultiplier tubes of differ- 
ing sensitivity to separate a weak signal from the noise, no 
fluorescence was detected. 

The early frustrations in attempting to detect calcium 
are not deterrent enough to totally abandon laser induced fluo- 
rescence. There is strong motivation to seek some way to employ 
the apparatus used by Zemyan and Kasper because it is very sensi- 
tive, it was most successful in detection of barium, and the ap- 


paratus is available. The problem, then, is to seek modifications 


ar 


to the apparatus or the detection technique which will allow the 


detecetton OF calcium. 


Pouecateou Tere Dercumaming Feasibility of Proposed Experimental 


Approaches 


fee Vee 

The criterion for determining the feasibility of the pro- 
posed experimental methods depends upon the measurement of either 
MMNOneseenastonal Or TOMIZae1On Current. Specific values for 
the minimum detectable fluorescent signal or ionization current 
are derivable from expected calcium evaporation rate and experi- 
mental conditions. 

The extant apparatus processes the data as illustrated in 
Figure 5a. The signal (SIG) is separated from the background 
(BKG) by synchronizing two counters in the photon counter/proces- 
sor with a mechanical chopper which interrupts the laser beam 
(Figure 8). The signal is composed of the fluorescent counts and 
counts from the scattering of the laser in the test cell. Clearly, 
for the fluorescent signal to be measurable, the total signal must 
exceed the standard deviation of the background. Furthermore, the 
Fluorescent signal must be distinguishable from the laser scatter 
Slgnal. Blackbody radiation from the heated cathode is the over- 
whelming contributor to the background. The average blackbody 
contribution will depend on the cathode temperature and the wave- 
length at which the detection optics are tuned. Laser scatter 
can be minimized by altering the position of the cathode to the 
laser beam. 

The question of the magnitude of the blackbody radiation 


O 
at the wavelength of barium fluorescence (5535 A) as opposed to 


iLic 


calcium fluorescence (4226 A Oise 22 A) arises at this point. 
The Planck distribution is plotted in Figure 5b. The n values 
corresponding to wavelengths of interest are in the range of 
17.79 < n < 28.39 Which 1s in the tall region Of the Gurve. see 
nN values were calculated from n = ha/kT for 5535 A ate 200S kK 
C327 °° C) anderen solZ7 A and 4226 A ato L323? kK ClO SOC. C0 Siem 
worthwhile to compare the expected background at the rated type 
B cathode operating temperature (1323° K) to that noted by Kasper 
at 1200° K. FiguressSco issa ploteof the Planck sdise mamma 
the range of interest. The background for 6122 A and 4226 A 
deviates from that of 5535 A byetl oOne2sonders of magnetude: 
Since the standard deviation of the background for 5535 A at 
1200° K was found experimentally to be about 5 x 10% counts/sec 
when the cathode/beam separation 1s optimized to yield minimum 
scatter and maximum fluorescent count rate, an estimate of the 
detectable fluorescent count rate can be stated. At 6122 A, 

the fluorescent count rate must exceed either 5 x ae counts/sec 
C200 Cesk) VengS os 107 counts/sec (1323°K) 3 )Simitarnly, at 4224. A, 
the fluorescent count rate must exceed either 5 x ee counts/sec 
(1200° K) or 5 x 10% counts/sec (1323° K). 

The criterion of feasibility which 1S applied to the ion- 
ization approach is that the current produced is equal to or 
greater than 1 pico-Coulomb. The choice of 1 pico-Coulomb arises 
from the limitation of available current measuring devices. 

Now that the general problem has been discussed and the 


criterion of feasibility set for each proposed approach, we can 
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meve on to a detailed description of Gacm approach. fhe fase 


approach is developed in the greatest detail with the analysis 


methods being carried over into the second approach. The general 


outline followed for each approach is as follows: 


ee. 


(2) 


C4) 


Ce), 
(6) 


Define the proposed experimental scheme 
Calculate the expected value of the measurable 
quantity 

Conclude the feasibility of the approach 
Delineate the changes in apparatus required and 
comment upon any difficulties 

Provide schematic of the apparatus 


Briefly describe the operation of the apparatus 


ae 


1@) 
Pepeeden 1. induced) Pluorescence of the us S$ dup P| (4226 A) 
Transition 


For the extant experimental apparatus (Figure 8), knowl- 
edge of three parameters is sufficient to determine the number 
of expected fluorescent counts: the number of atoms entering 
the beam, the detection capability of the optics, and available 
laser power. A reasonable estimate of the probable number of 
calcium atoms entering the laser beam can be made based upon 
the reported barium and calcium evaporation behavior. A typical 
value for the detection capability can be obtained from measure- 
ment of Rayleigh scattering off N, in the test cell. The avail- 
able laser power is known from dye specifications and experience 
With R110 and R640 dyes used in the apparatus. 

While there is a dearth of information in the literature 
on calcium evaporation acer there is considerably more on bar- 
lum evaporation rates. Based on the results of earlier work, it 
is possible to relate the calcium evaporation rate to the barium 
evaporation rate in a qualitative way. Palluel and Shroff re- 
ported that calcium and barium depletion rates from impregnated 


cathodes decrease as ,7l/s and gil? 


respectively (Ref 15:2898). 
If it 1s assumed that the evaporation rate 1S proportional to the 


depletion rate, then 


Z -1/3 
Ro = Rat G3) 
and 
f -1/2 
Rp = Ra ot (4) 
where 
Ro 1s evaporation rate of calcium (atoms/sec) 
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Reg is an initial calcium evaporation rate (atoms/sec) 
Re is evaporation rate for barium (atoms/sec) 
R 


Bo is an initial barium evaporation rate (atoms/sec) 
Takingethe ratvor or EacwCs) manda 


(5) 


Equation (5) is not meant to be anything more than a qual- 
itative estimate. Later it will be demonstrated that Eqs (3) and 
(4) are not too bad an assumption. The intent is to derive a 
reasonable estimate of the numbers of calcium atoms entering the 
laser beam throughout the cathode lifetime. Once the number en-~ 
tering the beam is known, the expected fluorescent count rate 
can be calculated and thence the feasibility of the measurement 
method throughout the cathode lifetime can be evaluated. 

Since the evaporation rate does not relax to the depletion 
rate until after the first few hours of cathode operation, the 
time when it does was arbitrarily chosen as 100 hours (Ref 15: 
2897. Also, the cathode being used had about 100 hours of opera- 
tion time. From Brodie's data at 100 hours (Ref 14:158) 


sl 


—_—_——— ‘e) 
‘las i130 at 1500-3 (6) 


where 


dq/dt is the evaporation rate of additives 


(monolayers/sec) 
So converting to atoms/sec using the following equation 


Ri = da/dt ° MEAN * A ~° CF (7) 


ai: 


where 
Ri is evaporation rate of species (atoms/sec) 
dq/dt is evaporation rate of additives (monolayers/sec) 


MEAN is Brodie's mean for calcium and barium 
(4.8 x 1072 and 7.3 x 1078 g/om*- monolayer) 


-eicminewcathnede area Gene) 


@ ome onmualo TOM tactor. (6..02 x 107° atoms/mole) 
40.1 g/mole 


We get roughly: Ro Su Aloysia 10°" atoms/sec and Re = 4.09 x Ons 
2 atoms/sec. 


Combining these values with Eq (5) 


4 1/6 
Ra ae0. 07 Rat (8) 


The basis for Eq (8) is Eqs (3) and (4). Just how reason- 
able was the assumption that the evaporation rates' dependence 
on time are represented by Eqs (3) and (4)? Ideally, if Eqs (3) 
and (4) are integrated over the cathode lifetime, the total quan- 
tity of evaporant should match the quantity of additive original- 
ly in the cathode. Practically, the match will not be exact. 
Factors which could make the integrated value less than the total 
are: the material that evaporated in the first 100 hours is not 
accounted for, and the additive reaction probably does not reach 
100% completion. A factor which could make the integrated value 
larger than the total is the fact that Eqs (3) and (4) express 
evaporation rate as proportional to depletion rate. Depletion 
only means reduction of additive to a level below an average 
value in the "undepleted" region of the cathode reservoir. The 
COnpseomer ot Dreportionality does mot include an expression for 


the resistance to additive movement in the cathode. An arbitrary 
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cathode life of 40 K hour could yield an integrated value which 
is higher or lower than the total depending on how closely matched 


the arbitrary and actual lifetimes are. 


The probable reaction which generates free barium and cal- 


cium gas from the cathode is (Ref 15:2899): 


5 BaO, 3 CaO, 2 Al,0, + Byseyiale: LUL, 10, (9) 


est Ca. Ba WO, queen iy Ca, WO. + 9/4 Ba (gp) + 3/45 Calg 


Now if the average additive weight for a Semicon type B dispenser 


cathode is about 0.0325 gm (Ref 3), the right side of Eq (9) pre-e 


duces 


IPs en : = 
Tia7 6 0325 em) = 3.44 x 10 gm Ca 


and 


ray( 0325 gm) = 1.96 x 107° gm Ba 


Of the 5 moles of barium and 3 moles of calcium, only 9/4 and 3/4 
respectively become gaseous, the rest being bound within the cath- 


ode. Thus, the total amount of gas expected is 


3 4 


(3.44 x 10> AAO Memes 6) es eagtte Olam 9 (Gre\ G fen) 


Gin wGlne? Cac la: Ca atoms) 


and 


2-257) of x 107 gem) = 8.82 x Le gem of Ba (g) 
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Integrating Eqs (3) and (4) and remembering to change Rao and Rag 


to evaporation rates per hour 
40,000 hr _473 


R 


ne elie (qien: 


Ca (atoms) = 
OO Grae 


Zs 


40,000 hr 1/2 


ee dt Ci) 
Bemcatems) = 2 
1 OOmiase 


which when evaluated yield 1.66 x Ges Ca atoms and 5.6 x Loe Ba 


atoms. These values are slightly larger than but of the same or- 
der of magnitude as those calculated to be the total number of Ba 
and Ca atoms liberated. In using the calculated values of Rao 


and R it should be noted too that Brodie's data was for 25% 


Co’ 
porous cathodes which exhibit greater evaporation rates than the 
modern 20% porous cathodes. Table I is a comparison of barium 
evaporation rates for different temperatures as measured by 
zemyan and Kasper. They are about one thousandth of the calcu- 
lated value of Rao: To be conservative, Rao and Rag will be 
taken as one thousandth of their calculated values to account 
for the probable resistance to additive flow to the cathode sur- 
face, smaller porosity of modern cathodes, and the fact that the 
values were calculated for a cathode operating at 1500° K. 

The foregoing discussion allows an estimate of 2.7 x mo} 
Ca atoms evaporating from the cathode at t = 100 hours to be made. 
Bom Go etomctil 1 valid. 

Not all the calcium atoms evaporating from the cathode 
enter the laser beam. To make an exact calculation of the aver- 
age number of atoms entering the beam, the distribution function 
f (V, 8) of the evolving atoms must be known where V is the ve- 
locity and 9 is the angle of departure from the cathode surface. 


wes let emecineY’ Selhanuwameexact Galeuhation must suffice because 


f (V, 9) is not known. Assume that all the atoms entering the 
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Table I 


Comparison of Barium Evaporation Rates 


as a Function of Temperature 





Approx Cathode Rea Raa 
Temp (°K) CRet 222510) (Ret) 23-5 


( x Mie ONC ROS ee Coax 107°) Catomseeee 


300 230 oo 
20.0 Lag 3.8 
1000 Seer Fell 
1050 fee 4.4 
00 * oor e) 
1200 * 67 
1300 * Sle 


* Not reported 


beam came from the area of the cathode directly beneath the beam. 
This 1s tantamount to saying that all the atoms evaporate per- 
pendicularly from the cathode with no angular distribution. For 
calcium atoms, this is not a bad assumption of the results of 
recent studies, which state the absence if calcium from the cath- 
ode surface, are accepted as valid. Then, if there is no Ca on 
the surface, any calcium gas escaping the cathode must have 
evolved deep within the surface pores. If the pore axes are as- 
sumed to be parallel to the normal to the cathode surface, only 
those atoms moving parallel to the normal would esScape. With 


the above assumption, the number of atoms entering the beam is 
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the above assumption, the number of atoms entering the beam is 


illustrated (Figure 6). 
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Figure 6. Cathode Beam Geometry 
N = TOTAL N © PROJECTED AREA (12) 
TOTAL AREA 


where 
TOTAL N is 2.7 x 10% Ca atoms/sec 
PROJECTED AREA is area of beam projection onto cathode 


TOTAL AREA is total cathode area 


Using the dimensions (D = 0.762 ecm) of the cathode employed in 
the experiment (Ref 3) and a typical beam diameter of 0.5 mm 
Geet 29), eas abouts 2.3 x 10° atoms/sec. 

The detected fluorescent power for a particular transi- 
wlOon, 1s 


P = (Number of detected fluorescent counts/sec) es) 
‘Chu ) 
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and equating Eq (13) to Zemyan syequc@le) (cea 2 





D2 hy = "Shu Nev Cece (14) 
fe 1G é 
81D 
where 
De is number of detected fluorescent counts 
(counts/sec) 
h is Planck's constant (joule-sec) 
v is the transition frequency (sec +) 
5 is the average number of times an atom spontan- 


eously radiates at the given frequency in pass- 
ing through the beam 


Ny is the number density of atoms (giana fen 
Vv is the root mean square atomic velocity (m/sec) 
D 1s the beam diameter (m) 


V Me 1s related to the detection optics and detection 
efficiency 


N. is given in terms of the evaporation rate, velocity of escap- 


ing atoms, and cathode area as 


Ny = Evaporation rate Cis 
V e 


N. 1s calculable since al )the terme on key; eh eae sade 
Eq (15) are known. It remains to determine S$ in Eq (14). A typ- 
ical value for V Me of teks Oma ore as calculated by 
Kasper, completes the information needed to determine the expected 
number of fluorescent counts; D- from Eq (iaoe 

To find S, it is sufficient te Kmew the Einstein coctts-— 
lents for the transition Up PSs" S_ 


the amount of time the atoms spend in the beam. There are sev- 


the branching ratio, and 


27 


eral energy levels between the uptp state and the ground state. 


I 
a 3 . . : 
They are the 3d Da > 3d D1 2,3 and 4p en 2 states. Examination 
of the Grotrian diagrams and a listing of observed transitions 


1 


for calcium reveals that the 4p P, state relaxes directly to the 


ut 


ground state with a branching ratio of 100% (Ref 26:340-358, 

30:401-404). The branching ratio allows the transition is Se 
0 

up” P, (4226 A) to be modeled as a two level system (Figure 7). 


The average number of spontaneous emissions per atom per unit of 


time in the laser beam is 
ee) (16) 


where 


S 1s the number of spontaneous emissions/atom 


Pees Cneberal Stime he satom spends in the beam 


SS 1s the fraction of transitions that are spontaneous 
T. is the time for the atom to complete one transition 
cycle 


Level 2 


B 


Ze Gu) Qo 





Figure 7. Two Level Model of Transition 


28 


Referring to 


PLleuce 7% 


a iL + de 


iE 


2 (17) 
Aerio CO) Cu) 
seo? «© mp Ow 
and 
Bo = oa 
AB ou) 
sy iain: 
where 
A,, 1s Einstein coefficient of spontaneous emis- 
a sion (seea-) 
Boy o(v) is rate of stimulated emission (oo 
Bi» o(uv) is the rate of absorption (sccm 
op (uv) is the spectral energy density of the radiation 


Quenching has been 
eit. 


81> and 5 for the 


> 


21 = 

p21 
and 

B18) 
The values for Bio 
7 192+ 2 


( mM 


Joma 


file lapwiouwle 
a a 
m-hz 


ignored because of the low pressure in the test 


By use of the following relationships and knowledge of Aoi? 


transition (Rep 27 -b-cae). 


3 
—— (19) 
Cc 
B18 (20) 
and Bay are found to be 9.88 x Lye” and 2.96 
) The spectral energy density is 
P 
ie (23 


a9 


where 
le 1s incident laser power (watts) 
A is beam cross sectional area a) 
Av is the laser line width (hz) 


C is the speed of light (m/sec) 


From experience, the apparatus has been found to deliver 50-100 


mW to the test cell. Choosing the lower value to be conservative 
and using typical values of .5 mm for the beam diameter and 10 


Seaeeetor AU some finds p(v) to be 8.5 x 10°** Joule-sec). The 


3 


mera! timesis just a 


T, = Beam diameter (22) 
rms 

The Eqs (16)-(€22) yield an approximate value of 94 for S. Eval- 
uation of Eq (14) reveals that an expected fluorescent count rate 
Or abo@t 6 x Te counts/sec would be detected under the operating 
conditions assumed. 

The conclusion is that calcium detection would be fea- 
Sible using this scheme. The extant apparatus would have to be 
modified slightly (Figure 8). The pump laser would have to be 
replaced with one capable of delivering 1.5 W at 351.1 and 363.8 
mm Since Stilbene 420 is the recommended dye for the dye laser. 


The RCA 8850 photomultiplier tube which has a spectral response 


of 260-660 nm could be retained. 
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Descuiptiom Of Operation 

A pump laser (351-363 nm and 1.5 W output) excites a tun- 
able dye laser (Spectra Physics model 375) charged with Stilbene 
420 dye. The dye laser is tuned roughly to 4226 A by diverting 
the output beam into a 0.5 meter Ebert monochromator. Fine 
tuning to the atomic transition is accomplished and continuously 
monitored by the optogalvanic effect in the calcium hollow cath- 
ode tube. The gas discharge in the tube reaches a steady state 
unless disturbed by radiation of a wavelength matching an atomic 
transition of one of the gas species. The voltage across the 
gas discharge is monitored for the optogalvanic effect by a phase 
feoek amplifier. 

Once the laser beam is tuned to a resonance wavelength, 
it 1s focused by a lens and passed through the evacuated test 
cell parallel to the top of the cathode and perpendicular to the 
view port. Fluorescent radiation from the evaporant passes through 
the view port and is focused on the input slit of a 0.25 m Ebert 
monochromator. The monochromator is tuned to the resonance transi- 
tion thus acting as a filter to background radiation. 

The fluorescent radiation is then passed through the photon 
counting system which consists of the photomultiplier tube (RCA 
8850), an amplifier/discriminator, and a photon counter/processor. 
The counting system is synchronized with a mechanical chopper 
which chops the laser beam before it enters the test cell. Chop- 
ping the beam allows for separation of the background from the 


Signal by activation of two counters corresponding to the laser 


2 


on/laser off condition. 


Approach Ii. Double Pumping of the Caveium Arens 


3 
ee ial 


excited by a laser operating with R640 dye, the metastable nature 


.@) 
Although the bss (6973 A) transition 1s easalk 


of the upper state denies detection of calcium by monitoring fluo- 


rescence from the up°P, state. If, however, the atoms are double 


pumped from the up? P state to another state which has a short 


1 


lifetime, the fluorescence from the uppermost state could be mon- 
itored and related to the calcium evaporation rate. There are 
two simple ways to gain double pumping: one is to use a flash 


lamp to excite absorption from the up? P state, and the second 


dL 


ils to collinearly irradiate the atoms with a second laser beam 


of the desired wavelength. These two methods are precisely those 
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Figure 9. Illustration of Two Methods of Double Pumping 
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used by workers measuring the up”P, Seee wmretmame (Ref 28:31). 


Figure 9 illustrates the two methods. 


First the calcium atoms are pumped by a laser to the up” P, 


state and then to a second level. Obviously, there are three 


criteria relevant to the second level. The level must be sepa-— 


rated from the up” P, state by an energy difference that is with- 


in dye laser range. The level should have a short lifetime ej. 


sec or shorter). Finally, the second level should relax by only 
one or at most two paths to lower levels. A perusal of refer- 


ences (26) and (30) leads to the two possibilities of es? 
1@) oO 
5S, (6122 A) and up» PP 4a", (4435 A). Baskin's Grotrian 
a 


.@) 
diagram also lists a up’ P, <>? 5s So (5581.97 A) intercombina- 
> zs 


POM Chere Zo: 399), DUG Striganov disagrees, listing it as 3a°DS> 
up“3D9 (Ref 30:402). The lifetime for the ud°D, we) oeak, 5 
g 


Lore sec and for the 5s°S emcees pa Ome ccce ret 27 °F-219). 


st 
3 


Both levels apparently relax to the 4d~r. state only and the 


iL 
ud°P, state relaxes to the bs~So erate Cmmy, Lhus Simplifying 


the analysis considerably. This approach reduces to a three 
level model (Figure 10). 

Since level 2 is metastable with a lifetime that is long 
compared to the time the atoms are in the laser beam, the three 
level model can be approximated as a two level model between 
levels 2 and 3. Then if similar calculations are made as for 
us Sé-9up P, (4226 A) transition, the expected flourescent signal 

S s 


detected is about 1.3 x TO counts/sec for the 4¥Up Piewid Dy, 


1@) 
(4435 A) transition and 6 x 10° counts/sec for the up P7588, 
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(6122 A) transition. A p*(v)of 8.5 x 10714 a) corresponding 
m -HZ 
to a dye laser power output of 50 mW was assumed. 


The conclusion is that this approach is feasible for the 
12) 


2) 
4435 A transition and unfeasible for the 6122 A transition based 
upon the criteria developed earlier in the problem analysis sec- 


tion. Sineesthe up °P4—94d°D, transition would require the dye 


laser to incorporate Stilbene 420 dye, this approach has no ad- 


vantages over the first considered. 
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Figure 10. Three Level Model of Transition 
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Pppmeacne ili.  Lonization 

Atoms can be ionized either by absorption of light quanta, 
field ionization, or inelastic collisions with electrons, neutral 
particles, or ions. Impact ionization requires elaborate appara- 
tus to focus and ionize the atomic beam. Since the atomic beam 
must be dense to offset the sparsity of Ca atoms, impact loniza- 
tion is not well suited to the problem. A dense beam could scat- 
ter and erode the cathode surface. Field lonization was not in- 
vestigated because of time constraints. The remaining option is 
lonization by light quanta. 

Exciteduatoms are easier to ionize than those in the 
ground state. Since the first lonization energy of calcium is 
6.11 eV, excitation of the atoms is necessary to achieve loniza- 
tion by absorption of light quanta. Unfortunately, the calcium 
atoms do not leave the cathode in an excited state. Comparison 
of the number of atoms in the lowest excited state to the ground 


state at the cathode operating temperature (1050° C) gives 


Boe <2 
ll SS -11 
=> = e Ey /kT = 10 (22) 


If the calcium atoms are excited by a laser beam before being 

ionized by further absorption of light quanta, the task is made 
easier (Figure 11). Excitation to a metastable level is pref- 
erable so that losses from the excited level to ground state are 
negligible over the time span the atoms are in the beam. [Ioni- 
zation of calcium from the up" P, state requires light of 3904 A 


.@) 
and from the Lp°P state light of 2935 A. Incandescent lamps, 


il 
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enclosed low pressure arcs, and metallic arcs with incandescent 


electrode are all sources of continuous spectra in the near ultra- 


violet range (Creme 3 ieiG-V93))- 


mental setup. 
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Figure 12 delineates an experi- 
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Tonization Limit ct Caleisem 


The maximum signal that such a configuration could pro- 


duce is 
R a 
i fr. o C 
15 
where 
A is the time of charge 
R 1s number of Ca atoms 
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(24) 


ColMeation Gsee) 


entering lonization volume 
(atoms/sec) 


13 ,oul) 


a 1s the fundamental electric charge (1.6 x 10° 
r. is fraction of Ca atoms ionized 


f. Pomreaea1on Of electrons eGollected 


If all the atoms were ionized, all the resultant electrons were 


collected, and there were no leakage of cathode produced elec- 
trons past the negative plate at the ionization volume boundary, 


— Amps for 2.7 x 10° atoms/sec 


the maximum signal is 4.3 x 10 
being ionized. Of course f. and f are not ever going to be unity. 
However, pico coulomb currents are measurable. Conservatively, 

if only 1% of the atoms are ionized and 10% of those are collected, 
the current would be measurable. 

The conclusion is that detection of calcium atoms by ioni- 
zation is feasible. Practical considerations could become a prob- 
lem though. Introduction of charged plates to collect the ioni- 
zation current could have an unknown effect on the evaporation 


characteristics of the cathode. This method should be considered 


only if the first approach discussed cannot be made to work. 


Peete lon Of Operat 10n 

The pump laser excites the dye laser which is tuned to 
bo 3 A. The dye laser beam is focused above the cathode, excit- 
ing the evaporating Ca atoms to the up” P, metastable state. The 
excited atoms pass through the slit in the lower electrode which 
is negatively charged to deflect the cathode emission current. A 
Deelitehemsource with a component at 2935 A in synchronization 
with the chopper open interval is focused into the volume between 


iene anmeecdecm— Tine ne<citeaq ca atoms are 1omized and the ioniza- 
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tion current is collected by the positively charged upper elec- 
trode. If the view port is constructed of material transparent 
BemellcmUysspecerum, Ene Light source could be external to the 


test cell. 


Other Methods Considered 

Sensitized fluorescence and stimulated emission were con- 
sidered and discarded as viable methods of detecting and measur- 
ing calcium evaporation rates. Sensitized fluorescence occurs 
in gases and liquids when excited atoms of one type (donor atoms) 
transfer the excitation energy to atoms of another type (acceptor 
atoms). The transfer of energy occurs only if the acceptor atom 
has an unoccupied electron energy level of near resonance to that 
Caio deem deons thus, im principle, calcium could be excited 
we the up’ P, state, transfer its excitation energy to an acceptor 
atom's short lived level, and the resultant fluorescence measured. 
There are three compelling reasons why sensitized fluorescence is 
not suitable to the problem: 

(1) Poisoning or ion sputtering of the cathode by accep- 
bor gas (Ref 34:.57)= 

(2) Acceptor gas pressure would have to be on the order 
SpelmiLore Tor the probability energy transfer to be 
Slgenificant. 

(3) Calculating the event cross section and energy trans- 
fer rate falls into the category of quantum mechan- 
ical "hard problem". It is doubtful that a quanti- 
tative relation between the sensitized fluorescence 
intensity and calcium evaporation rates could be de- 


mibved. 
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Boosting the stimulated emission rate from the up >P, state 
was also considered. Enhancement of the stimulated emission rate 
above the natural rate requires population inversion. Population 
inversion cannot be accomplished via a two step pumping scheme 
such as the 4s’ S <—Pup Pp, transition. The calcium electronic 
structure does not lend itself to the ideal three or four step 
pumping scheme (Figure 13). 


5 ut 










fast decay fast decay 


D 3 
pumpin 
pumping : 
fast decay 
1 i 
Figure 13. Ideal Pumping Schemes for Inversion (Ref 37:10) 


Wavelength Calgbnation 

All of the methods discussed require setting a laser at a 
specific wavelength. Tuning the laser via the optogalvanic ef- 
fect 1s only applicable for 4226 A because that is the only cal- 


CcClum transition the calcium hollow cathode tube responds to. 


Yl 


tunane to the 6573 A, Se A or 4435 A transitions must be ac- 
complished in some other way. 

Most modern wavemeters employ interferometry to measure 
wavelength. Other methods measure the absolute frequency of the 
laser from which the wavelength is obtained by the relationship 
c/vu (Ref 35:189-195). Hansch has devised a self-calibrating 
grating for wavelength measurement wiich is superior to conven- 
tional interferometric methods (Ref 36:423). In future experi- 
ments involving laser induced fluorescence where the optogalvanic 
effect is not suitable for measuring the laser wavelength, Hansch's 


method could be employed. 
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III. Direction of Future Experiments 


The ultimate goal of using laser induced fluorescence 

to study the behavior of cathode evaporants is to gather enough 
significant data to construct a model of cathode physics. Per- 
haps lifetime studies of evaporants may not contribute as greatly 
to the goal as first envisioned. Lifetime studies of evaporation 
rates are not amenable to being conducted in a thesis quarter 
because of time constraints. Accelerated lifetime tests are han- 
pered by early heater filament degradation and failure. The fil- 
ament emissions from overheated cathodes also coat and block the 


view port. More ominous is the lack of correlation between evap- 


orant behaviors reported by various researchers. For instance, 
one researcher reported a aa decrease in evaporation rate 
(Ref 14:154) while another doing an accelerated test reported a 
constant evaporation rate (Ref 13:170). It is likely that the 
evaporation rate is a complicated function of temperature and no 
one funtional relationship describes evaporation rate as a func- 
tion of time for all temperatures. 

Before any further attempts are made to quantify calcium 
evaporation rates, it must be ascertained that calcium does in- 
deed evaporate from the cathode. The preponderance of experimental 
evidence indicates that calcium does evaporate from modern cathodes 
(Ref 14, 15) despite the perplexing absence of calcium in the evap- 
orant stream reported by one researcher (Ref 11:255). A Varian 
Partial Pressure Gauge (PPG) operated in the mass spectrometer mode 


and mounted to intercept the evaporant stream could provide a de- 
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We 


tection capability for calcium with a 10 ~-° Torr sensitivity 


(i.e., about 8 x ‘Lee Ca atoms in a volume of oes et 293K). 
Also, the evaporant that plates out on the cold finger could be 
chemically analyzed for calcium. It would be necessary to en- 
sure that any calcium deposited was not solely the result of 
surface detritus left on the cathode surface from the manufac- 
turing process. 

The test cell configuration presently includes a PPG 
which is mounted about 12 inches to one side of the cathode. 
There are two 90° bends in the 1 inch tubing which connects the 
point of PPG access to the evacuated volume and the test cell 
containing the cathode. Geometry renders it unlikely that any 
Ca gas will negotiate the tubing to reach the PPG. Nevertheless, 
a number of mass spectra were taken with the cathode operating 
at different temperatures. Residual atomospheric gases limited 
the PPG sensitivity to 107° Torr. Calcium was not observed in 
the mass spectra. 

Rather than pursuing accelerated lifetime tests, it might 
prove more fruitful to examine evaporation rates as a function 
of temperature and then try to fit these rates to models of ad- 
ditive movement within the cathode based upon Knudsen flow, dif- 
fusion, and migration. An interesting phenomenon involving an 
increase in evaporation rate until 1200° K was reached, followed 
by a decrease of evaporation rate, was observed by Kasper (Ref 
23:38). Appendix A details some further experiments to charac- 


terize this phenomenon. Modeling of the evaporation rate as a 


Ly 


function of temperature might also be useful in answering the 
following questions: 
(1) Does the additive evaporate from the surface, the 
peres, or -bothe 
(2) If it evaporates from the surface, how is the mono- 
layer replenished? 
(3) What is the replenishment rate to the surface de- 


pendent on? 
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ie Conclusions and Recommendations 


Conclusions 
Three methods of detecting and measuring calcium evapora- 
tion rates were explored. Laser induced resonance fluorescence 


of the 4s*Se*UuprP, (4226 A) transition appears to be feasible 


and the easiest to implement. Double pumping of the calcium 


atoms from the °P, pa ominOmasia te Or shorter lifetime is fea- 


sible for the up’ P<ud°D, 


in case of experimental technique over the 4s*Se—>4p*P, transi- 


tion. Ionization of the calcium atoms and measurement of the 


transition, but nothing is gained 


ion current is feasible but would require significant alteration 
of the apparatus and an alternative to the optogalvanic effect 
for tuning the laser. It has no advantages over the resonance 
fluorescence approach. The resonance fluorescence approach re- 
quires only that the pump laser be changed since the present ar- 
gon pump laser can deliver a maximum of 60 mW of power to the 
dye laser at the necessary wavelengths. 

Recommendations 

The following recommendations are offered: 

(1) Ascertain that calcium is evaporating from the cath- 
ode by use of a PPG operating in the mass spectrometer 
mode or by chemical analysis. 

(2) Cease lifetime studies and concentrate on understand- 
ing the temperature dependence of the evaporation 


wee Ome baring and) ealeium. 


(3) Model the mechanism by which barium/calcium reach the 
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(4) 


Cc) 


(6) 


cathode surface. 

Use Green's model to calculate the expected decrease 
in work function and compare with experimental re- 
SUS wenRet wae 

Redesign the bellows adjustment mechanism that con- 
trols the cathode placement. The present mechanism 
is wobbly and difficult to work with. 

Design a stable, adjustable mount for the detection 
optics. The adjustment controls should be calibrated 


so that positioning is reproducible. 


U7 


(Lie 


ia 


ba 


Bibliography 


Stupian, G. W. A Review of the Science and Technology 
Spemenedes Phom the Viewpoint of Spacecraft TWIT App#i- 
cations. SD-TR-80-37. Los Angeles AFS, California: 


Space Division, June 1970 (AD A085778). 


Crome. Ue Modern Dispenser Cathodes," IEEE Pro- 
See cen ecm eee So Clee 19-32 Chebruary 1981). 


Technical Bulletin: Semicon Dispenser Cathodes. Semicon 
Pos@eGcildtes, ime... Wexington, KY. 


Forman, R. "Surface Studies of Barium and Barium Oxide 

on Tungsten and Its Application to Understanding the Mech- 
anism of Operation of an Impregnated Tungsten Cathode," 
Journal of Applied Physics, 47 (12): 5272-5279 (December 
cS. 06S! 0UmUt™tC™Ct~” 


Forman, R. "Use of Auger Spectroscopy in the Evaluation 
Seictmmeonia Cathodes, (IEEE Transactions Electronic De- 


Vuecceect (lj 56=-61 (January 1977). 


Forman, RK. “Proposed Physical Model for the Impregnated 
Tungsten Cathode Based on Auger Surface Studies of the 
BaeGev@ovetem, weepplacatioms of Surface Science, 2 (2): 
258-274 (January 1979). 


ei crn i remaindert. and W. C. Rutledge. "Studies 
on the Mechanism of Operation of the L Cathode I," Journal 
Cue ep ede umystes,, 20 (2): 156-166 (February 1957). 


Pctile Webco. Commuttedee. R. oH. Ahlert. “On the Mech- 
anism of Operation of the Barium Aluminate Impregnated Cath- 
ee Ougiasson app hicdenyetes, 20 (12): 1468-1473 (Decem- 
Bem e957). 


Rittner, E. S. "On the Mechanism of Operation of the Type B 
Impregnated Cathode," Journal of Applied Physics, 48 (10): 
UZ34U4U-4U346 (October 1977). 


Baun, W. L. "Characterization of Tungsten Impregnated Dis- 
Demeehecaenede Using GSs and SIMS,” Applications of Surface 


Science, 4 (3-4): 374-384 (April 1980). 


Jones, D., D. McNeely, and L. W. Swanson. “Surface and Emis- 
sion Characterization of the Impregnated Dispenser Cathode," 
Pip elects or oummace Sem@ence, 2 (2) we232-267 (January 1979). 


Seeiiooee eeu bret tinegsmanad R. Metivier. "Traveling Wave 


Tubes for Communication Satellites," Proceedings of the IEEE, 
pomeseemcc 7-200 (March 1977). 


48 


tly 


dae 


ib. 


yee 


Lise 


dBc 


PO) 


fa Jee 


L2. 


Zon 


24. 


Rutledge, W. C. and E. Ss” Rittner. “Studies on the Mechonuem 


of Operation of the L Cathode 12," VJoumnal of Appl vedeeiyicue 
28 (2): 167-17 3 (Gbebruany 4) 2e 


Brodie, I., R. 0. Jenkins and W. G. Trodden. "Evaporation 
of Barium from Cathodes Impregnated with Barium-Calcium-Alum- 
inate," Journal of Electronics and Control, 6: 149-161 


(February 1959). 


Palluel, P. and A. M. Shnoff. “Experimental Study of Impreg- 
nated Cathode Behavior, Emission, and Life,>”  VJournalgor @p- 
plied Physics, 51 (5): 2394 =240 2aeCMay ee ope 


Maloney, C. E., C. R. K. Marian and G. Wyss. "Some Observa- 
tions of Impregnated Tungsten Cathodes," Applications of 
Surface Science, 2 (2): 284-292 (January 1979). 


Sickafus, E. N., M2 A. Smith, UV ss"hemnemed., EB. Eee eee 
J. L. Bomback. "Surface Phenomena of Potential Concern to 
Longevity of Dispenser Cathodes," Applications of Surface 
Science, 2 (2)@azi3=72sQJanuanysy Jp. 


Rutledge, W. C., Mileh, A., Rittner, E. S. “Meastremen eae 
Instantaneous Absolute Barium Evaporation Rates from Dispenser 
Cathodes," Journal of Applied Physies, 29 (5): @38=339 50h 


Levi, R. “New Dispenser Type Thermionic Cathode," Journal of 
Applied Phvaies . 235 23 aa oser 


Green, M. Dispenser Cathode Physics. KADBC-TR-31-7)) Ga. 
fiss AFB, New York: Rome Air Development Center, July 1981 
(AD SALTS 26) 


Jenkins, R. 0. "A Review of Thermionic Cathodes," Vacuum, 
19 (8)? 353-359 (August ig6 9). 


Zemyan, S. M. "Laser Induced Fluorescence of Barium Evapo- 
rating From a Dispenser Cathode," Unpublished MS thesis. 
school of Engineering, Air Force Institute of Technology, 
WPAFB, Ohio, March 1982. 


Kasper, E. F. "Measurement of Barium Evaporation From a Dis- 
penser Cathode Using Laser-Induced Pluorescence," Unpubleaied 
MS thesis. School of Engineering, Air Force Institute of 


Technology, WPAFB, Ohio, December 1982. 


Fairbank, Jr. W. M., T. W. Hansch and A. L. Schawlow. "Ab- 
solute Measurement of Very Low Sodium-Vapor Densities Using 
Laser Resonance Fluorescence," Journal of the Optical Society 
of America, 65 (2); 199-204 (Rebunai e375): 


4g 


aoe 


ZAG. 


ale. 


(Ss 


Za. 


S156 


om. 


oe 


Soe 


34. 


co™ 


Slee 


See 


3:6 


Benham, V. N. "Sodium Concentration Measurement Using Laser 
Induced Fluorescence," Unpublished MS thesis. School of 
Engineering, Air Force Institute of Technology, WPAFB, Ohio, 
December 1981. 


Bashkin, S. and J. 0. Stoner, Jr. Atomic Energy-Level and 
Grotian Diagrams. Amsterdam-Oxford-New York: North-Holland 
FUblMomene Company, 1978. 


oso ec cman. J. astle. CRC Handbook of Chemistry and 
Physics (63rd edition). Boca Raton: CRC Press, Inc., 1982. 


Miw@emieeat ger eo... Lb. €. Balling and J. J. Wright. "A Meas- 
urement of the ~P_. Metastable State in Ca," Physics Letters, 
S53A: 75-76 (May 1975). 


Pode =o mb yembaserm With Model 376 or 376B Dye Circulator 


Instruction Manual With Proc/Spec Sheet. Mountain View, 
California: Spectra Physics, Inc., I980 


Daido vs eke and Neo. Sventitskil. Tables of Spectral 
Lines of Neutral and Ionized Atoms. New York-Washington: 


| ei Se ie me te ee 


Heiwe eee, Cee. Baliang and J. J. Wright. “Direct Meas- 
urements of Excited-State Lifetimes in Mg, Ca, Sr," Journal 
of the Optical Society of America, 67 (4): 488-491 (April 


Valyi, L. Atom and Ion Sources. London-New York-Sydney- 
hermoneommeconm Wiley and Sons, 1977. 


Wieser kh. ©. Lord and Jd. R- Loofbourow. Practical 
Spectroscopy. New York: Prentice-Hall, Ine., 1948. 


Cronin, J. L. “Practical Aspects of Modern Dispenser Cath- 
odes,'' Microwave Journal, 22 (9): 57-62 (September 1979). 


Demtroder, W. Laser Spectroscopy Basic Concepts and Instru- 
mentation V. New York: Springer-Verlag Berlin Heidelberg, 








Hansch, T. W. “A Self-Calibrating Grating" in Laser Spec- 
prosceepryelil, edited by J. LL. Hall and J. L. Carlsten. New 
York: Springer-Verlag Berlin Heidelberg, 1981. 








eon era ine tplesmor hasems. New York-London: Plenum 
PRE scams? >. 


Model 1121A Amplifier-Discriminator Operating and Service 
Manual. Princeton, New Jersey: EG &€ G Princeton Applied 


Feseadren, Eine., 1976. 





a6 


She 


Model 1112 Photon Counter/Processor Operat ane salva Service 


Manual. Princeton, New Jersey: EG & G Princeton Applied 
Research, Inc., 1976. 


od 


APPENDIX A 


Investigation of Evaporation Rate Phenomenon 
heopomted by Kalgper 


Kasper measured a barium evaporation rate that increased 
with temperature until a peak was reached at about 1200° K, sub- 
sequently decreasing with increasing cathode temperature (Ref 
23:38). Zemyan's data spanned 900-1050° K and thus does not 
corroborate Kasper's observation (Ref 22:51). Is the phenomenon 
noted by Kasper a result of cathode physics or is it a function 
of the photon counting system? 

The photon counting system used by Kasper consists of an 
RCA 8850 photomultiplier tube (PMT), an EG&G Princeton Applied 
-Research model 1121A amplifier-discriminator, and an EG&G Prince- 


ton Applied Research model 1112 photon counter/processor (Figure 


A-1). 


INPUT 

SHOTON [>| PMT AMP 
SIGNAL 

a ls | 


Peeure 7—-i.) schematic of Photon Counting System (Ref 38:II-2) 





PHOTON 
COUNTER 
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The maximum number of events the system can count per 
second depends upon the dead time, resolving time, and the response 
characteristic (paralyzable or nonparalyzable) of the PMT and dis- 
criminator. The photon counter is also limited to a maximum data 
count of 99999999 per interval of measurement time. Any counts 
exceeding the limit are lost. The PMT is a paralyzable counter 
while the discriminator 18S nonparalyzable. The difference between 
a paralyzable and nonparalyzable counter is that the dead time 
increases with increasing input rate for the former and is a con- 
stant value independent of the input rate for the latter. Dead 
time is the interval during which the counter cannot recognize 
another pulse because it has been desensitized by the previous 
pulse. Resolving time is a measure of how close together two e- 
vents can occur and still be distinguishable ae separate events 
by the counter. When the input pulse rate exceeds the resolving 
time of the counter, pulse pile up error occurs. The counter adds 
the pulses it sees within the resolving time interval into one 
pulse. While the counter is processing one pulse, it cannot de- 
tect another incoming pulse and hence is "dead". Figure A-2 dis- 
plays the relationship of input pulse rate to output pulses counted 
for paralyzable and nonparalyzable counters. 

Since the resolving time of typical PMTs is 10-40 ns, pulse 
pile up error in the PMT would be observable in the range of 2.5 xX 
or tone & 10° input pulses/sec. Kasper's laboratory notebook in- 


dicates that he had to operate the discrimator in the PRESCALE 


mode which means that there was a pulse pile up error exceeding 


oS 


1% (Ref 39:IV-8). The evaporation vs temperature curve reported 
by Kasper looks suspiciously like the result of the PMT operat- 
ing in the paralyzed region. An experiment was conducted to test 


the photon counting system. 


on- 
paralyzable 


paralyzable 





Figure A-2. Paralyzable-Nonparalyzable Response (Ref 39:IV-8) 


Experimental Procedure 

Measure the evaporation rate of barium vs cathode temper- 
ature at different incident laser powers. Graph the fluorescent 
count rate vs temperature for different laser power. The author 
used an SLRV cathode while Kasper and Zemyan used a type B cathode. 
If the evaporation curve reported by Kasper is a result of cathode 
physics, one would expect a set of curves similar to Figure A-3a. 
If the phenomenon is a function of pulse pile up error in the 
counting system, one would expect a set of curves similar to fFig- 
ure A-3b. There is one other behavior (Figure A-3c) which could 


be expected as a result of saturation of the fluorescent transi- 
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P is laser power 
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Figure A-3. Possible Evaporation Vs Temperature Curves 
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tion. Since the evaporation rate of barium cannot exceed the 
replenishment rate to the surface from the reservoir, there is 
conceivably an upper limit to the evaporation rate as the temp- 
ature increases. Also, for any specific incident laser power 
the fluorescing transition saturates and the signal should ap- 
proach some constant value. 

Two sets of experimental data were taken. The first 
(shown in Figure A-4) corresponds to Figure A-3a in that the 
peak relative evaporation rates for each laser power occur at 
the same temperature, in this instance 1050° K instead of 1200° 
K as Kasper found. There are several oddities not observed by 
Kasper, specifically, the dip at 1000° K and the plateau between 
1150 and 1250° K for the lower laser powers with a corresponding 
second peak for the higher powers in the same temperature range 
(Figure A-4). Note also the inversion of the 100 mW curve with 
the 80mW curve which may be caused by the mode structure of the 
dye laser at 100 mW. The two curves at 100 and 135 mW are sus- 
pect. The net fluorescent counts at 100 and 135 mW are based 
on interpolated scattering counts at those powers. Actual scat- 
tering counts for 100 and 135 mW were not taken because of pump 
laser instability. The laser was stable for the duration of 
measurements at 50, 63, and 80 mW. 

The second set of data was taken a few days after the 
first to corroborate the first. Unfortunately, the detection 
optics had been jarred enough to make detection of fluorescence 


impossible. After realignment of the detection optics, data was 


si 


taken and the resultant curve at 50 mW appears to follow the be- 
havior noted by Kasper with the exception of the peak being shif- 
ted from 1200 to 1000° K (Figure A-5). The experiment was termi- 
nated at 1150° K during taking of the second set of data because 
the pump laser failed. Data for 1100° K was not included because 
of pump laser instability during the measurements. Note that the 
100 mW curve lies below the 80 mW curve again. 

The graphs in Figures A-4 and A-5 are of relative evapo- 


ration rates. That is, Zemyan's basic equation (Ref 22:21): 


a (A-1) 


where the quantities are the same as noted after Eq (14) in the 


main body of this paper, was rewritten in the form 


(.7)89- (# fluorescent counts ~° h) 


sl hvu = z 


(A-2) 


N,vA (QeV_) = 
5 e 


The left hand side of (A-2) is the evaporation rate times a con- 
stant. Expressing (A-1) in this manner precludes the necessity 
of conducting Rayleigh scattering on N, in the test cell to de- 
termine NEV. The obvious advantages are that it saves time and 
Saves exposure of the cathode to atmospheric pressure. If a 


standard eV 1s chosen, then all sets of data can be normalized 


to the same value and readily compared. 


Discussion Of Resules 
Clearly the data taken thus far is not conclusive. It is 


not certain that the second data follows the trend of the first 
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because the experiment was terminated early by pump laser failure. 
However, the lack of a definite peak at 1050° K suggests the curve 
shapes of the first data set are not being duplicated in the sec- 
ond data set. The realignment of optics between the taking of 
the first data set and the second should have changed the magni- 
tude of the relative evaporation rates but not the curve shapes. 
The graphs of the second data set (Figure A-5) resemble a graph 
of scattered counts vs laser power for different temperatures 

(Ref 22:47) and the two could easily be confused. However, if 
the raw data of the second set is plotted as gross scattered 
counts vs laser power, a different family of curves is obtained 
and it becomes clear that the two graphs have nothing in common. 
(Figure A-6). The absence of a shift in peaks to lower tempera- 
ture as laser power increases for both data sets strongly sug- 
gests that pulse pile up error is not the cause for the phenom- 
enon. 

The exelusion of pulse pile up error as the cause for the 
phenomenon does not preclude some unknown peculiarity of the photon 
counting system from being the cause. It is odd that the barium 
evaporation rate in all the experiments peaks before the cathode 
operating temperature is reached (1050° C or 1323° K). There is 
another oddity that should be mentioned here. Zemyan tuned the 
laser off the resonance wavelength, precluding excitation of bar- 
ium fluorescence, and measured the laser scatter from the vapor. 
If the evaporation rate is changing with temperature, one would 


expect the laser scatter from the vapor to track the change in 


Sits! 


the evaporation. In fact, Zemyan could discern no difference 

as the cathode temperature varied. Either the change in laser 
scatter from the vapor was too insignificant to be separable 
from the laser scatter from the test cell or the barium evapora- 
tion rate did not change significantly as the cathode tempera- 
ture was varied. The latter speculation is in direct conflict 
with Kasper's experimental results. The experimental evidence 
collected thus far is not conclusive enough to attribute the 


phenomenon to a cause. 
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